NIKA2 is a dual-band millimetric camera of thousands of Kinetic Inductance Detectors (KID) installed at the IRAM 30-meter telescope in the Spanish Sierra Nevada. The instrument commissioning was completed in September 2017, and NIKA2 is now open to the scientific community and will operate for the next decade. NIKA2 has well-adapted instrumental design and performance to produce high-resolution maps of the thermal Sunyaev-Zel'dovich (SZ) effect toward intermediate and high redshift galaxy clusters. Moreover, it benefits from a guaranteed time large program dedicated to mapping a representative sample of galaxy clusters via SZ and that includes X-ray follow-ups. The main expected outputs of the SZ large program are the constraints on the redshift evolution of the pressure profile and the mass-observable relation. The first SZ mapping of a galaxy cluster with NIKA2 was produced, as part of the SZ large program. We found a sizable impact of the intracluster medium dynamics on the integrated SZ observables. This shows NIKA2 capabilities for the precise characterisation of the mass-observable relation that is required for accurate cosmology with galaxy clusters.
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Cosmological motivations for high-resolution observation of high-z clusters
Galaxy clusters represent a powerful probe for cosmology. As the largest gravitationally bound objects that the hierarchical structure growth have formed, they enclose information on initial conditions, contents and expansion history of the Universe. Their number as a function of mass and redshift and their spatial distribution are used in complement of other observables of the primordial Universe to constrain the parameters of the standard cosmological model, in which the present-day density is dominated by a cosmological constant Λ and the cold dark matter (CDM), as well as any extensions to this base flat ΛCDM model that impact the growth of structures.
Galaxy clusters are efficiently detected via the thermal Sunyaev-Zel'dovich (SZ) effect up to high-redshifts. The thermal SZ effect 1, 2, 3 is the inverse Compton scattering of the CMB photons on the hot dense ionised gas, the Intra-Cluster Medium (ICM), which accounts for most of the baryonic matter content of the cluster. It has a unique signature on the CMB black-body spectrum, decreasing the CMB intensity at frequencies below 217 GHz at the benefit of the higher frequencies. As a spectral distortion, the SZ effect is independent of the redshift and thus well-suited for observation of high-redshift clusters. The amplitude of the effect, the Compton parameter y, directly depends on the line-of-sight integral of the electronic pressure within the cluster. The Compton parameter is thus a tracer of the pressure within the ICM, which in turn depends on the total mass of the cluster. The relation between the SZ observable and the total mass needs to be calibrated. This can be achieved using total mass measurements obtained from X-ray observations (assuming clusters are in hydrostatic equilibrium), galaxy velocities, caustics, or from weak lensing.
CMB experiments such as Planck 4, 5 , the South Pole Telescope 6 (SPT) or the Atacama Cosmology Telescope 7 (ACT) have recently delivered the community with catalogs of about 2000 clusters detected via the thermal SZ effect. In parallel, strong experimental efforts are deployed to reach higher angular resolution for the cluster observation, NIKA2 8, 9 , MUSTANG2 10 , ALMA 11 amongst others. Cosmological constraints have been derived from the SZ-detected cluster number counts by Planck 12, 13 , SPT 6 and ACT 7 , as well as from the power spectrum and higher-order statistics within the Planck all-sky map of Comptom parameter 14, 15, 16 . Notably, the Planck Collaboration reported a mild tension between the cosmological parameters measured from the CMB primary anisotropies and from the SZ-selected clusters, which is also found using other SZ experiment data (SPT, ACT) or other cluster probes. This can be an evidence of a new physical effect that impacts the growth of structures (e.g. non-minimal neutrino masses, non-unity dark energy equation of state, modified gravity), or this can be an impact of the complex cluster physics on the total mass estimation (deviation from self-similar scenario, non-thermal pressure, redshift evolution, etc.). In particular, in Planck study, the pressure profile and mass-observable scaling relation have been calibrated from tSZ and X-rays low-redshift clusters, whereas a redshift evolution effect is not excluded. Thus, accurate cosmology with galaxy clusters and tests for deviations from the standard (ΛCDM) cosmological model demand a more robust calibration of the mass-observable relation against the redshift and the cluster internal matter distribution. To that aim, high angular resolution observations of high redshift clusters are required. This is one of the main objectives of the NIKA2 experiment.
NIKAInstrument and Performance
NIKA2 is a ground-based millimetric experiment installed at the 30-meter telescope of the Institut de RadioAstronomie Millimétrique (IRAM), situated at Pico Veleta (2800 meters) in the Spanish Sierra Nevada. The NIKA2 Collaboration involves 150 people in 18 institutes (the NIKA2 consortium&IRAM), with scientific objectives that cover large domains of astrophysics and cosmology. 
Instrument
The NIKA2 instrument consists of a multi-thousand supraconductor detector (Kinetic Inductance Detectors) camera, observing in two frequency bands at 150 and 260 GHz with an angular resolution below 20 arcsec and a large (6.5 arcmin) field of view. After a first light in October 2015, it underwent an extensive commissioning phase including an upgrade in September 2016 and a science verification phase in April 2017. NIKA2 is now open for science operation since October 2017 and will be a resident instrument at the 30-meter telescope of IRAM for the next decade. Its novel technology and instrumental design were sucessfully tested with the NIKA experiment 17, 18, 19 , which is a NIKA2 pathfinder down-scaled by about a factor ten, operated at the IRAM 30-m telescope as an open instrument during the winter 2014. The light collected by the 30-m telescope primary mirror reaches NIKA2 focal plane through a dedicated warm optics (inside the receiver cabin), which comprizes four mirrors, and a dedicated cold optics (inside the cryostat), which is illustrated in Fig. 1 . The light enters the side of the cryostat (about 30 K), is directed toward the coldest part by M7 and M8 mirrors. Within the 150 mK stage, a dichroic splits the beam in two frequency bands, the 150-GHz band in reflection and the 260-GHz band in transmission. The flatness of this 30-cm diameter dichroic submitted to extreme temperature is ensured by the used of a novel air-gap filled technology and a reinforced support. The 260 GHz beam is further splits in two polarisation components by a grid polariser.
At 150 and 260 GHz, angular resolutions below 20 arcsec can be reached given the 30-meter telescope aperture. In order to fully exploit the 30-meter telescope capabilities, that is filling the 6.5 arcmin field of view without degrading the angular resolution, arrays of thousands detectors are needed at the focal plane. For NIKA2, the choice has been made to use Kinetic Inductance Detectors (KIDs) which offers the required multiplexing capabilities. KIDs are superconducting RLC resonators, operated at 150 mK, well-below their critical temperature. Incoming radiation changes the kinetic-component of the inductance (by Cooper pair breaking), so that the signal varies proportionally with the resonance frequency. Raw data are thus variations of the resonance frequency of each KID. Moreover, KIDs are naturally multiplexable in frequency: they can be connected to a unique feed-line that carries up to 200 frequency tones. NIKA2 comprizes two arrays of 1140 KIDs connected by eight feed-lines in the 260 GHz channel and an array of 616 KIDs connected by four feed-lines at 150 GHz 8, 9 . Each feed-line is monitored a dedicated readout electronic board, as part of the NIKEL electronics 18 . 
Calibration and Performance
The first step of any KID-based data analysis consists in the field-of-view (FoV) reconstruction that is, matching the KID frequency tones to positions on the sky. We use deep integration scans of about 20 minutes toward bright point sources, the so-called beam-map scans, to perform individual maps per KID. From these maps, we derive i) KID positions on the FoV, ii) beam properties, iii) detector inter-calibration. Beam-map scans are also used to perform a KID selection from a series of quality criteria. Although all the (2,900) built KID are responsive, some of them are affected by cross-talk or their frequency tuning can be lost during a given scan. In the right panel of Fig. 1 , we present the KID positions in the FoV colour-coded as a function of the number of times they met the selection criteria. We find a fraction of valid KIDs, which is defined as the selected detectors in at least two beam-map scans, of 84% at 260 GHz and 90% at 150 GHz. In combining the signal of all selected detectors of an array, we probe the full beam pattern. The main beam is well-modeled by a 2D Gaussian of FWHM of 11.2 ± 0.1 arcsec at 260 GHz and of 17.7 ± 0.1 at 150 GHz. The beam efficiency, which is evaluated as the ratio of the main beam to the error beam solid angle integrated up to 250 arcmin, is 55% at 260 GHz and 75% at 150 GHz, in agreement with expectations for an instrument without any dedicated optical coupling (no feed horns).
Regarding the noise properties, the dominant noise component is the atmospheric fluctuations, which induce strong 1/f noise spectrum. However, this noise is seen by all the detectors while the signal depends on the detector positions in the FoV. Thus atmospheric noise can be decorrelated. After decorrelation, sub-dominant correlated noise residuals from the atmosphere and the electronics are left in the maps, but do not affect the noise scaling down with integration time: we checked that the flux uncertainties reduce as expected as the inverse of the square root of the integration time.
The absolute calibration relies on flux density expectation for planets 22 . We check the stability of the photometry using secondary calibrators monitored at Plateau de Bure. We evaluate our calibration uncertainties as the relative rms of the measured-to-expected flux ratio for secondary calibrators including data from three observation campaigns. We found uncertainties of 8% at 260 GHz and 3% at 150 GHz, which improve or match the level of accuracy of other recent ground-based expirements observing in comparable frequency bands (such as SCUBA2 23 ).
We primary assess the sensitivity by evaluating the noise equivalent flux density (NEFD), defined as the flux uncertainties obtained at the center of the FoV after one second of integration. This quantity is needed to predict the required observation time to reach a given SNR at the center of the map. We find NEFD extrapolated at zero atmospheric opacity of 33 ± 2 mJy · √ s at 260 GHz and 8 ± 1 mJy · √ s at 150 GHz. However, we also evaluate the mapping speed, defined as the sky area that is covered in one hour of observation with a SNR of unity, which is a better estimator of the mapping capabilities. We find mapping speeds of 75 ± 5 arcmin 2 /h/mJy 2 at 260 GHz and 1350 ± 75 arcmin 2 /h/mJy 2 at 150 GHz. Moreover, we directly verified using observation of Pluto that mJy sources can be detected in less than one hour of integration time. The main characteristics and performance of NIKA2 are summarized in Table 1. NIKA2 has thus demonstrated high sensitivity and state-of-the art mapping capabilities of the diffuse emission. It has two observation channels, the 150 GHz band, for which the thermal SZ is negative, and the 260 GHz band, for which the SZ signal is slightly positive, and a large 6.5 arcmin FoV enclosing the Planck satellite beam, while its angular resolution is 17 times better. NIKA2 has thus well-adapted instrumental design and performance for high-resolution SZ observation of intermediate and high redshift clusters.
NIKA2 Cosmology program with galaxy clusters and First results

NIKA Pathfinder SZ pilot studies
High-resolution SZ mapping capabilities using KID-based experiments have been demonstrated with NIKA, the NIKA2 pathfinder, through a series of pilot studies. The first SZ observation ever obtained with KIDs is the NIKA SZ map of the galaxy cluster RX J1347.5-1145, a wellknown massive intermediate redshift galaxy cluster 24 . NIKA also paves the way for NIKA2 SZ analysis, by proposing several novel analysis methods: a multi-probe approach combining X-ray and SZ observations for high-redshift cluster thermodynamics 25 , point source removal 26 , a nonparametric method to measure the pressure profile 27, 28 , a detection method of substructures in clusters 29 . Moreover, breakthrough results have been obtained, including the first map of the gas temperature in galaxy clusters using SZ 30 and the first map of the kinetic SZ in a galaxy cluster 31 .
The kinetic SZ, which is due to the bulk velocity of the ICM, has a spectral signature on the CMB spectrum that differs from the thermal SZ one. By combining maps observed in different channels, both SZ components can be in principle separated. This has been achieved for the first time by combining NIKA 150 GHz and 260 GHz maps toward a multiple merger cluster the inner substructures of which reach extreme velocities, that is the well-known MACS J0717.5+3745. The NIKA kinetic SZ map toward MACS J0717.5+3745 at z = 0.55 is presented in the left panel of Fig. 2 . The data set comprizes about 13h of observation using NIKA during Winter 2015 in good weather conditions. This kSZ map was used in combination to X-ray observation from XMM-Newton to derive the first resolved map of the gas velocity under the assumption of a gas model 30 .
NIKA2 Guaranteed time SZ Large Program
Cosmology with galaxy clusters observed via SZ is a major scientific goal of NIKA2. It is supported by the guaranteed time SZ Large program (LP-SZ), dedicated to the high-resolution mapping of a large sample of high-redshift clusters. The LP-SZ targets a representative sample of 50 galaxy clusters at intermediate and high-redshifts (0.5 ≤ z ≤ 0.9), selected from the Planck and ACT cluster catalogs and complemented with X-ray follow-up using XMM-Newton and Chandra. The distribution of the LP-SZ sample as a fonction of the mass and the redshift is presented in the right panel of Fig. 2 . The main objectives of LP-SZ encompass the indepth study of ICM thermodynamic properties (pressure, density, temperature, mass profiles) and accurate measure of the mass-SZ observable scaling relation. It will be a key program to constrain the redshift evolution of the scaling relation and the pressure profile, as well as for testing the variation of cluster properties with morphology (departure from sphericity) or dynamical state (impact of mergers). This will have important implications for cosmology, such as improving the accuracy of cosmological constraints drawn from SZ-selected clusters.
First SZ results and perspectives
We report the first high-resolution thermal SZ mapping of a galaxy cluster with NIKA2 34 . As part of NIKA2 Science Verification Phase, the chosen target is PSZ2-G0144.83+25.11, a wellknow cluster at intermediate redshift (z = 0.58) and high mass (M = 7.8 × 10 14 M ) from the second Planck SZ catalog. The data set consists of 11 hours of integration time on source in poor weather conditions (opacity of 0.3 at 150GHz) during the April 2017 campaign.
We obtained a high-resolution (20 arcsec) Compton parameter (y) map toward PSZ2-G0144.83+25.11 with high-accuracy: we report a 13.5 σ measurement at peak and a detection up to 1.5 arcmin (about 600 kpc). NIKA2 y-map thus well covers this cluster from the core to the outskirts and reveals its morphology, as shown in the left panel of Fig. 3 . Notably, we measure an excess of SZ signal in the South-West region, which indicates an over-pressure within the ICM.
Other y-maps for this cluster are also available: the BOLOCAM 35 arcminute angular resolution y-map that covers the cluster up to the outskirts and the MUSTANG 36 high-resolution (9 arcsec) y-map of the center of the cluster, which both complement NIKA2 y-map.
We combined NIKA2, BOLOCAM and MUSTANG y-maps and the integrated SZ signal from Planck to measure the electronic pressure profile using a non-parametric deprojection 27 . When masking the over-pressure extension of the cluster in the combined y-map, we find a pressure profile compatible with the so-called universal pressure profile 37 , which is derived from X-ray measurements, but not compatible with the pressure profile derived from the combination of BOLOCAM and MUSTANG (non-masked) y-maps 36 . We report a significant discrepancy between the pressure profiles obtained with or without masking the over-pressure region. This discrepancy has in turn a sizable impact on R 500 , the characteristic radius of the cluster, Y 500 the integrated Compton parameter up to R 500 and M 500 , the mass enclosed within R 500 , which are measured integrated quantity used for calibrating the mass-observable scaling law. In the right panel of Fig. 3 , NIKA2 Y 500 estimates for the cases with and without masking the over-pressure of PSZ2-G0144.83+25.11 are shown as a function of M 500 , and compared to the Y 500 −M 500 scaling relation used in Planck SZ-selected cluster count based cosmology analysis 13 . This illustrates the possible impact of the cluster ICM dynamics on the dispersion of the mass-observable scaling relation, the precise measure of which is required for accurate cosmology with clusters. NIKA2 will be a unique opportunity for a precise measurement of the mass-observable scaling relation for high-redshift clusters.
